Introduction
In the communication area, signal attenuation is a major problem and many researches have been aimed to model in different links such as land mobile satellite communications, terrestrial mobile communication (GSM, 3G, 4G etc.) and high altitude platforms (HAPs). Because vegetation is a reason of attenuation, influence of vegetation on different communication links has been studied as an important issue. The previous studies focused on attenuation due to trees for both satellite and terrestrial links and many experimental results were reported at different frequency bands, for different tree types, in different seasonal effects, etc. There are many experiments such as single tree measurements and attenuation measurements. Average attenuation of trees was measured for land mobile satellites at UHF and L band by Vogel and Goldhirsh [1] - [3] , Butterworth [4] , [5] , Ulaby et al. [6] , and Cavdar [7] . In [1] and [2] , largest and average attenuations and attenuation coefficients for different tree types were measured at UHF band. The ITU-R [8] also described attenuation through vegetation. At L-band, Cavdar et al. [9] conducted measurement. In [3] and [10] , static tree attenuation measurements were performed in Austin, Texas at L-and K-band. Moreover, fade statistics for shadowing from roadside trees were measured at UHF and L bands in 1985, 1986, and 1987 [11] . In [12] , single tree attenuation was examined with the help of measurements at 1-4 GHz frequency band for 45 º elevation angle. The frequency dependence of vegetation effects for satellite links was studied in [13] and some attenuation measurements were performed at L-, S-and C-bands taking into consideration elevation angles between 25º and 90º [14] . Tree shadowing effects on wideband channel at 3.1 GHz and 5.8 GHz were studied in [15] . Additionally, for different terrestrial scenarios and different frequency bands, ITU-R Recommendation [16] also includes vegetation attenuation models not valid for high elevation scenarios. In [17] , models and measurements for land mobile satellite system were published.
The vegetation attenuations can be only determined by experimental studies as summarized in the previous paragraph. It can reach a judgment in bold outline about the signal attenuation of the trees. However, the experimental results obtained vary significantly according to seasonal effects, type and size of trees, geographical locations etc. Furthermore, the trees in different geographical locations can have different sizes even if they are the same species. Therefore, providing generalized results obtained from the measurements to link designer is not an appropriate approach instead using empirical formulations such as L = A d B f C [18] where d represents vegetation depth. Vegetation depth is defined as the length of signal path within the tree canopy. It is easily concluded that vegetation depth is a significant factor for calculating attenuation correctly. Different tree types have different shapes and the tree geometry is very important to calculate the vegetation depths for different elevation angles. In the previous studies, all tree types are considered to have the same geometry and calculations were made with respect to this acceptance without considering tree shape. In this regard, we focus on single tree vegetation depth based on four different tree types such as conic, ellipsoid, spherical and hemispherical. For these four different classifications, the tree species especially in the Black Sea Region of Turkey are used. Thus, firstly, trees are grouped in four different shapes and are modeled in MATLAB environment. Their average heights and foliage volume data are taken from [19] for full leaves situation. According to the elevation angles between 0º and 90º, vegetation depths are calculated for each tree types via the models with ray tracing method. Due to the need of high system resources, especially for ray tracing process, it is not useful to implement a practical software. Thus, utilization of artificial neural network (ANN) is proposed to estimate the vegetation depths more efficiently. All the works mentioned above are wrapped in a Graphical User Interface (GUI) named VdET (vegetation depth estimation tool).
Method of Tree Modeling and Vegetation Depth Calculation
The Black Sea is a geographically rich region comprised of deep green forests and there are many different tree types. In this study, both common and endemic tree types are investigated and are classified according to their geometrical shape. In Fig. 1, Fig. 2, Fig. 3 , Fig. 4 ; spherical, hemispherical, conic and ellipsoid shape tree types are shown, respectively. More information regarding signal derogation effects of trees at different frequencies and at different geographic locations is required for link design of satellite services (satellite and land mobile satellite communication, HAPs, etc.) It is important to search on new data belonging to different tree types for a proper system design and tree attenuation analysis. In this context, tree types in the Black Sea Region of Turkey are classified according to their geometrical shape due to different shapes engender different vegetation depths for the same elevation angles.
The two categories of trees are known as coniferous and deciduous and they have generally non-uniform and different shapes. However, if trees are supposed to have full leaves, they can be classified in four groups such as conic, ellipsoid, spherical and hemispherical as shown in Fig. 5 .
A general geometric tree model has five parameters. These are h 1 , h 2 , r 1 , r 2 , r b . h 1 stands for height of foliage part, h 2 represents bole height of the tree, r 1 and r 2 are maximum and minimum radius of the foliage, respectively. r b is radius of the bole. All these parameters are in meters. Tree classes and their parameters are listed in Tab. 1. In this study, main purpose is to estimate the vegetation depth of only foliage part. Thus, only h 1 , r 1 and r 2 parameters which define foliage part are included in simulation (bold characters in Tab. 1).
Tree Class Parameters
Tab. 1. Tree classes and involved parameters. The vegetation depths for each elevation angle are calculated with the help of ray tracing method over the geometrical tree models presented above. Ray tracing is a technique to simulate the effects of the ray's encounters with virtual objects like our tree models. In this case, the ray will intersect the tree models at exactly two points due to the fact that the models are finely closed surfaces. Vegetation depth is the distance between those two points. In Fig. 6 , a single ray for a certain angle is shown.
Ray tracing process is realized over a rectangular grid as shown in Fig. 6 . For this purpose, firstly a sphere is calculated such that the entire tree model is inscribed. Then, a cube is defined with the radius of the sphere to ensure the grid covers the entire tree model for every possible situation. Each point of this grid will be a starting point of a single ray. And also for each elevation angle, this grid is adjusted according to the ray direction. So, entire tree model is traced for all elevation angles (0-90º). In Fig. 7 , a sample projection image of a grid for 45º is shown. White colored grid represents no intersection regions while other colors mean there are different levels of intersection (vegetation depths).
To calculate the vegetation depths, tree classes and their involved parameters are needed. The parameters and categories of the conic, ellipsoid, spherical and hemispheri- cal trees are given in Tab. 2, Tab. 3, Tab. 4, and Tab. 5, respectively.
To be able to show the effect of the tree shape on vegetation depths for different elevation angles, all trees are generated as they have the same volume of foliage. As shown in Fig. 8 , vegetation depth corresponding to each elevation angle is different. Thus, all tree types should be handled separately to investigate the vegetation depth.
In ray tracing technique, for a single ray, each triangle of the tree model is tested for intersection. The total number of triangles depends on both the size of the tree and the It means that we need more number of triangles and more number of calculations. It is not practical. The criterion in determining the number of triangles is to obtain a visually satisfying graphic. In this study, the ratio of surface area to number of triangles is fixed to 0.5 which means a unit square area consists of two triangles. Proceeding from here, conducted experiments show that less than 0.2 m ray spacing does not improve spatial resolution except longer calculation time.
Ray tracing technique is ground truth for this simulation study, however, it requires high calculation capacity and system resources. Thus, this situation has made it necessary to search an alternative method. In this study, artificial neural network (ANN) is investigated for usability instead of ray tracing. The results of ANN are compared with ray tracing to reveal its effectiveness.
ANN is generally used with the situations where the input and output relation of a system is unknown or complex to model. ANN is influenced by biological neurons and their learning capability. It statistically learns the transfer function of the system by adjusting some number of coefficients. In this study, the training set consists of 25 trees in four different tree types. This different tree models have some parameters (h 1 , h 2 , r 1 , r 2 , r b ) defining their different shapes. To prepare training data, the range of each parameter should be defined. Thus, the variation range of tree model parameters is determined considering the parameters' minimum and maximum values. The ANN tries to minimize a cost function such that [f(x) -y] 2 . In this function, f represents the tree model while x is input parameters (h 1 , h 2 , r 1 , r 2 , r b ) of that model. y substitutes the vegetation depth obtained from ray tracing for input parameters of interest. The ANN training data for four different tree models are summarized below. . (4) Cross-validation method is utilized in training section to find optimal number of hidden layers. In this study, hidden layer numbers for conic, ellipsoid, spherical and hemispherical models are 14, 12, 1 and 16, respectively.
Vegetation Depth Estimation Tool (VdET)
The Vegetation Depth Estimation Tool (VdET) is created in order to offer the users a practical simulation environment for performing vegetation depth calculation for different tree models. The GUI of our tool is shown in Fig. 9 . The tool is programmed in MATLAB environment. However, for the sake of speed efficiency, some core functions such that ray-triangle intersection is coded in C/C++ language. The VdET is developed to handle different types of trees for simulation and testing with two methods; ray tracing and ANN. This GUI contains seven panels and a progress bar. In Fig. 10 , all the simulation results are completed and graphed with the error statistics. 
Numerical Results
The experimental studies in the literature contain only average tree attenuations and there are no detailed data about the measured tree parameters (h 1 , r 1 , r 2 ) or the measured tree canopy (ellipsoid, conic, etc.). In other words, these studies cannot provide required data for a direct comparison. To be able to validate the proposed ray tracing method, we need to produce comparable results to the experimental studies. References [1] , [2] , [3] , [7] , [9] provide the average single tree attenuations obtained from measurements at UHF, L and K band. So, it is possible to compare the average single tree attenuations calculated via VdET tool with the provided ones in [1] , [2] , [3] , [7] , [9] by utilizing ray tracing method. Firstly, for every geometrical shape trees (conic, ellipsoid etc.), vegetation depths (d) are calculated with the parameters used at training stage which are given in (1-4) . Then, average single tree attenuation values are obtained by (5) at UHF, L and K band for full foliage condition. Obtained results are given in Tab. 6 in detail.
L is attenuation in dB, f is frequency in GHz and d represents vegetation depth in meters. For the full leaf condition, coefficients A, B and C are 1.43, 0.721 and 0.356, respectively [18] . This model gives direct path attenuation without considering the diffracted components. Thus, it is agreeing with the calculation of vegetation depth via ray tracing. The average single tree attenuations are 8.91 dB, 9.18 dB and 11.40 dB at UHF (800 MHz), UHF (870 MHz) and L band (1.6 GHz), respectively. The median single tree attenuation at K-band (20 GHz) is calculated 26.02 dB. It is clearly shown that the results are quite close with the other experimental results. These comparisons are made at given elevation angle, θ = 30°. With the help of VdET tool, these average attenuation calculations can be made for each elevation angle (0°-90°) at desired frequency band even for different tree types. To accept the proposed ANN method instead of ray tracing, it should be tested for accuracy. Fig. 11, Fig. 12 , Fig. 13 and Fig. 14 show comparative calculations of ray tracing and ANN methods with respect to vegetation depth for max. and min. foliage volumes.
UHF
In Tab. 8, statistics of errors in meters in Fig. 11 , Fig. 12 , Fig. 13 and Fig. 14 are listed . These values support the proposal of using ANN instead of ray tracing. Fig. 11, Fig. 12 , Fig. 13 and Fig. 14.
Mainly, there are two aspects of this study. The first one, a tool is created to calculate the vegetation depth of a single tree for different tree types with utilizing ray tracing method. The second one is to propose an alternative faster method (ANN) instead of ray tracing. Generally, a faster method brings some estimation error. Thus, to be able to exhibit the error performance of the ANN, a comparison is made in the simulation tool for all possible situations. Additionally, comparisons of ray tracing and ANN methods for max. and min. foliage volumes at different tree types are shown in Fig. 11, Fig. 12, Fig. 13 and Fig. 14 . The maximum error of ANN is obtained for min. foliage volume ellipsoid shape tree. This is not an unexpected result. ANN training set consist of 25 trees which 8 of them is for ellipsoid shape trees. Ellipsoid tree model needs two input data h 1 and r 1 . The variation ranges of these parameters are determined according to Tab. 3 and shown in (2) . The mean h 1 value of ellipsoid shape tree is generally between 19.62 m-28.87 m (Tab. 3: Height column). The required h 1 value to calculate min. foliage volume for ellipsoid shape tree is 3 m as mentioned in Fig. 12 . caption (min. vol.= 39.27 m 3 , (h 1 , r 1 ) = (3, 2.5)). As a result, this h 1 value (3 m) is not included in ANN training set because it is considered as an outlier value. In this case, ANN makes an extrapolation instead of interpolation. Thus, this min. foliage volume error of ANN does not indicate the real ANN performance. Additionally, it is clearly seen from other error tests that ANN makes good approximations if the input values are within the training range.
On the other hand, giving error in meters is not enough to express what this means in real world. Vegetation depth is important to calculate excess loss (dB). Judging from here, the error is converted to dB with the help of the most common general form of existing empirical model in the literature [18] as shown in (5) . In [12] , a study is conducted on four different deciduous trees heights ranging between 11 to 18 meters and width between 11 to 20 meters which can be modeled in the tool as hemispherical. Hereby, the reference tree to show the error in dB is selected hemispherical with 10 m radius with respect to the (5) range. In Fig. 15 , errors in dB according to elevation angles at four different frequency bands (UHF, L, S, and C) are shown.
Conclusion
In this study, tree types especially encountered in Black Sea region are classified according to their geometrical shape as conic, ellipsoid, spherical and hemispherical. Based on ray tracing and ANN method, a vegetation depth estimation tool (VdET) with a friendly GUI is proposed. The proposed method is validated with the related literature in terms of average single tree attenuation (Tab. 6). With the help of this tool, it is shown that same foliage volume trees with different geometries have different vegetation depths (Fig. 8) . Additionally, ANN method is proposed as an alternative to ray tracing. The performance of ANN against ray tracing in the aspect of accuracy (Tab. 8) and speed (Tab. 7) is presented and concluded that using ANN is reasonable with an acceptable error tolerance (Fig. 15) .
